A persistent foamy virus infection was established in rabbits and its effect on the cell-mediated (CMI) and humoral immune response was studied. Virus was consistently isolated from viable, peripheral blood mononuclear cells collected 7 to 164 days after inoculation, by co-cultivation, with cell monolayers. The response of leukocytes from infected rabbits to in vitro stimulation with phytohaemagglutinin was studied by two techniques: incorporation of 3H-thymidine and production of the lymphokine, immune interferon. Both parameters of the cell-mediated immune response were depressed in leukocytes collected from foamy virus infected rabbits during the first 2 weeks of the infection. This depression in the cell-mediated immune response was not observed after I4 days p.i. Since primary or reactivation infections with herpes viruses are common following immunosuppression, it was interesting to note that one of the rabbits persistently infected with foamy virus developed a herpes virus infection. The humoral response in infected rabbits appears to be unaffected since the virus infection did not alter the development of antibodies to sheep erythrocytes. Transient depression of the cell-mediated immune response in foamy virus infections may be important in initiating persistence and demonstrates for the first time that foamy viruses can, indeed, have adverse effects.
INTRODUCTION
Alterations of the host's immune response during virus infections has been observed with a variety of viruses. Mechanisms by which viruses can alter immune functions, including changes in physiological and immunological function of T and B lymphocytes and macrophages, have recently been shown (Burns & Allison, 1975; Notkins, 1975; Jacobs & Cole, 1976; Woodruff & Woodruff, 1975; Virelizier et al. I976) . Virus-induced immune dysfunction is especially common among viruses which persist in the cells of the reticuloendothelial system (Burns & Allison, 1975 ; Notkins, 1975 ; Jacobs & Cole, 1976) .
The foamy viruses are classified as members of the retrovirus group (Hooks & Gibbs, 1975; Fenner, 1976 ) . Foamy virus infections are characterized by the fact that these viruses persist in the presence of neutralizing antibody and can be recovered from peripheral blood leukocytes (PBL) from man, apes, monkeys, cows and cats (Hooks & Gibbs, I975) . In addition to foamy virus infections in the natural host, it has recently been shown that rabbits are experimentally susceptible to a persistent foamy virus infection (Swack & Hsiung, I975) . The present investigation was, therefore, initiated to determine if foamy viruses persist in rabbit PBL and to study the effect of the persistent virus infection on the cell-mediated and humoral immune response. Cell-mediated immunity was studied by determining the response of leukocytes to in vitro stimulation with phytohaemagglutinin (PHA) by lymphocyte transformation (3H-thymidine uptake) and immune interferon induction. Humoral immunity was measured by the development of antibodies to sheep erythrocytes.
METHODS
Viruses and cell cultures. Simian foamy virus type 7 (SFV-7) isolated from chimpanzees was propagated in either primary or first subcultures of rabbit kidney (PRK) cells or human embryo kidney (HEK) cells (Hooks et al. ~97z) . PRK cell cultures were maintained with Eagle's minimal essential medium (MEM), whereas HEK cells were maintained with Eagle's basal medium. Both media were supplemented with penicillin (loo units/ml), streptomycin (IOO #g/ml) and 2 to IO ~o foetal bovine serum (FBS) inactivated at 56 °C for 3o rain.
When a c.p.e, was observed in approx. 75 % of the infected cells, the infected and uninfected (control) cell cultures were frozen and thawed once. Virus-infected and control celt suspensions were centrifuged at 2ooo rev/min for ~5 rain and the resultant supernatant fluids were centrifuged at 3oooo rev/min for 2 h. The pellets were resuspended in Dulbecco's phosphate-buffered saline (PBS) to l/loth the original vol. Virus infectivity titrations were determined by using a microplate assay system. For this assay system, primary rabbit kidney (PRK) cells were removed with a mixture of o'o5 % trypsin and o.oz °/o ethylenediaminetetraacetic acid. A o.l ml vol. containing I × lo s PRK cells/ml was added to microplate wells and incubated with an equal vol. of Io-fold dilutions of SFV-7. The microplates were then incubated at 35 °C in a 5 % COx atmosphere and virus c.p.e, was recorded for approx. I4 days.
Rabbit inoculations. Six to ten-week-old male New Zealand white rabbits were used in this study. Virus or control culture pools, prepared as described above, were inoculated in a o-I ml vol. by the i.v. route. In the first series of experiments, three rabbits each were inoculated with 3 x Io ~ TCIDs0 of virus propagated in PRK cells, 3 × 1o4 TCIDs0 of virus propagated in PRK cells, or phosphate-buffered saline. In the second series of experiments, three rabbits each were inoculated with 1"5 × l o 6 TCID~0 of virus propagated in HEK cells or HEK cell control fluids.
Mononuclear cell preparations. Heparinized blood was obtained by cardiac puncture. Blood diluted I:3 in medium was layered on a discontinuous density gradient (LSM solution, Bionetics Laboratory Products, Kensington, Md., U.S.A.) and was centrifuged at 4oo g for 4o rain at 2o °C. The cells at the interface were collected and washed twice with medium. Mononuclear cells were determined on samples stained with Turks stain. The percentage of cell viability was greater than 99 ~o as determined by trypan blue dye exclusion. The number of viable peripheral blood mononuclear cells recovered from infected and control rabbits at different times during the course of infection were similar. The cell concentration was adjusted to contain I to 5 × I05 cells/ml for virus isolations and 2 × lo 6 cells/ml for lymphocyte stimulation and interferon assays.
Virus isolations. Whole blood (diluted l: 2 with distilled water), burly coat cells, mononuclear cells and serum from infected and non-infected rabbits were assayed for virus. PRK cells at a concentration of 2 × lo 5 cells were seeded on to 35 mm plastic Petri dishes. Within 4 h, the samples collected for virus isolation were added to the cells. The cells were observed for the development of characteristic foamy virus c.p.e. Foamy virus isolates were identified by neutralization with anti-SFV antiserum (Hooks et al. I972 ) .
Lymphocyte stimulation and interferon assay. The degree of lymphocyte stimulation was measured by the incorporation of 3H-thymidine (3H-dThd) into acid-insoluble material Prior to the addition of aH-dThd, samples of supernatant fluids from each leukocyte sample were removed and interferon activity was assayed by reduction of the formation of approx. 5o vesicular stomatitis virus (VSV) p.f.u, on PRK cells. The titre of interferon activity of a given sample was expressed as the reciprocal of the highest dilution that reduced VSV plaque counts by 5o ~o ~. In order to determine the sensitivity of our assay system, standard rabbit serum interferon (2 x io 4 international units/ml) was obtained from the National Institute of Allergy and Infectious Diseases, Bethesda, Md., and was shown to contain the same number of interferon units in our assay system.
RESULTS

Persistent virus infection
Preliminary studies demonstrated that between 7 and 21 days after foamy virus inoculation, the virus could be isolated from both rabbit whole blood and buffy coat cells. After this time, peripheral blood monoculear cells were used for virus isolation studies. Virus was isolated from t to 6 × Io 5 peripheral blood mononuclear cells collected from six rabbits between 45 and 60 days after inoculation and from the same number of cells collected from four rabbits between IOO and I6O days after inoculation.
The development of antibody following i.v. inoculation of SFC-7 was investigated in four rabbits (Hooks et al. I976) . Low levels of neutralizing antibody (Io units) against SFV-7 were detected at 7 days after inoculation. Between 2t and 1oo days after inoculation, there was a greater than eightfold increase in neutralizing antibody and sera collected Ioo to i6o days after inoculation had a neutralizing antibody titre ranging from i28o to 2560.
Effect of the foamy virus infection on the cell-mediated immune response
The persistence of foamy virus in rabbit mononuclear cells in the presence of high levels of neutralizing antibody is consistent with the type of infection produced in the naturally infected host (Hooks & Gibbs, I975) . The effect of this infection on the cell-mediated immune response was investigated by determining the response of leukocytes from infected rabbits to in vitro incubation with PHA. The response of leukocytes to PHA was assayed by two methods: the incorporation of aH-dThd and the production of the lymphokine, immune interferon.
The aH-dThd incorporation and interferon production by PHA-treated PBL from uninfected rabbits or rabbits infected for 7 days with 1"5 x to ~ TCIDs0 of SFV-7 is shown in Table I . Leukocytes from uninfected rabbits incorporated an average of 56284 and 88979 ct/min when stimulated with l : Io and I :5o dilution of PHA respectively. In contrast, leukocytes from rabbits infected 7 days earlier with SFV-7 incorporated only 15260 and 3456o ct/min when stimulated with x : Io and l :5o dilution of PHA. A similar depression was observed when interferon production was determined. Leukocytes from uninfected rabbits produced 2o to 4o units/ml of interferon in response to PHA stimulation, whereas * PBL were collected from rabbits 7 days after inoculation with 1.5 x 1o 6 TCIDs0 of SFV-7 or uninfected cell control suspensions. Separated mononuclear cells were incubated with PHA or PBS and the amount of lymphocyte transformation (3H-dThd uptake) and immune interferon induction was determined.
t The 3H-dThd incorporation is expressed as the mean ct/min of triplicate cultures. :~ Supernatant fluids from PBL cultures were removed and the interferon activity (units/ml) was assayed on PRK cells. The titre of interferon activity is the reciprocal of the highest dilution that reduced VSV plaques by 5 ° %; o indicates that no interferon was detected at the lowest dilution tested O:IO dilution). * PBL were collected from rabbits prior to inoculation and 4, 7 and r4 days after inoculation with either SFV-7 or cell control. Separated mononuclear cells (1-o ml) were incubated for 72 h at 35 °C with each stimulant (o'~ ml.). PHA was used at a concentration of 2"5/zg. Supernatant fluids from triplicate cell samples were removed and interferon activity (units/ml) was assayed by the reduction of VSV plaque formation on PRK cells. The data presented is the average of the interferon titres obtained from two rabbits; o indicates that no interferon was detected at the lowest dilution tested (I : ~o dilution).
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leukocytes from SFV-7 infected rabbits did not produce detectable levels of interferon. The antiviral activity of the interferon produced was inhibited by treatment of pH 2.o, trypsin, and also was non-dialysable.
The next series of experiments were designed to study the time course of this depressed response to PHA stimulation and to determine the virus dose required to initiate the depression. On days 3, 7, l l, I4, 46 and 64 following inoculation of rabbits with either 1"5 x l o 6 TCID of SFV-7 or cell control, peripheral blood was removed, the leukocytes separated with LSM and incubated with either PBS, PHA, SFV-7 or cell control. Fig. I illustrates the data collected from one of two separate experiments. Both experiments yielded similar results. As can be seen, there is a significant difference in PHA induced 3H-dThd incorporation between leukocytes obtained from foamy virus infected rabbits and cell control inoculated rabbits. The per cent inhibition of aH-dThd incorporation was determined by comparing the average 3H-dThd incorporation in leukocytes from two foamy virus infected rabbits to the average 3H-dThd incorporation in leukocytes from two cell control inocalated rabbits. Inhibition of less than zo ~ was not considered significant. It can be seen that on day 3 p.i., a 67 ~ inhibition of aH-dThd incorporation was observed. A 5o ~, 4 z ~ and 17 ~ inhibition of 3H-dThd uptake was observed on days, 7, I r and I4, but not thereafter.
The percentage of inhibition of 3H-dThd incorporation and the time of development of this response is dependent upon the concentration of virus used for inoculation. If 3 x IO TCIDs0 of virus was used, essentially no inhibition was seen at 3 or 7 days. However, following inoculation of 3 x IO 5 TC[Dso of virus, inhibition was noted at 7 days, but not at 14 days. When I'5 x io 6 TCID~o of virus was used, the inhibition could be detected as early as 3 days and was still apparent at 7 and I I days, but not at J4 days.
The second method used to assay the response of leukocytes to PHA was the production of the lymphokine, immune interferon. The induction of immune interferon by PHA in leukocytes from foamy virus infected and control rabbits is shown in Table 2 . PHA induced interferon could not be detected in leukocytes obtained from rabbits after foamy virus inoculation. However, PHA induced interferon was detected in leukocytes from cell control inoculated rabbits, in leukocytes collected prior to foamy virus inoculation and at I4 days following inoculation. It should be pointed out that leukocytes treated with SFV-7 antigen at a concentration of I'5 x io 6 TCIDs0/ml did not incorporate a significant amount of 3H-dThd and did not induce interferon production.
Humoral immune response
The effect of the foamy virus infection on the humoral immune response was determined by measuring the development of haemagglutinating antibody (HA) to a o.8 ~ suspension of sheep red blood cells (SRBC). Two days after virus inoculation, the rabbits were inoculated with I'o ml vol. of a 3 ~ suspension of SRBC. Sera collected prior to and 3 days after inoculation of SRBC did not contain HA antibody to SRBC (< I "4). At lo and x8 days after inoculation of SRBC, sera collected from three foamy virus infected rabbits contained an average HA antibody titre of 2I 3 and lO6 respectively. In comparison, there was less than a twofold difference in the HA antibody titres to SRBC observed in sera collected from rabbits inoculated with cell control and then SRBC.
Isolation of rabbit herpes virus from leukocytes from foamy virus infected rabbits
LSM purified leukocytes obtained from a foamy virus infected rabbit yielded a foamy virus at I4 days p.i. However, leukocytes obtained from this rabbit at 5o and ~oo days after foamy virus inoculation induced a c.p.e, consisting of both multinucleation and balloon cells. The viruses inducing the two types of c.p.e, were separated by limiting dilution. The following facts indicate that the second c.p.e, was induced by a rabbit herpes virus: by electron microscopy the virus morphologically resembles a herpes virus, the virus induces a typical herpes c.p.e, in PRK cells but does not induce c.p.e, in human embryo kidney cells, and the virus is not neutralized by anti-herpes simplex virus sera. Sera obtained from the rabbit from which the isolation was made did not contain neutralizing antibody to the herpes-like isolate on day o, 7, I4 and zI following foamy inoculation. The sera obtained at the time of herpes virus isolation contained neutralizing antibody at I : 4o dilution. The other foamy virus and cell control inoculation rabbits did not have neutralizing antibody to the herpes virus in their sera.
DISCUSSION
This report confirms and extends the findings that foamy viruses produce, in rabbits, a persistent infection which closely resembles the infection observed in the natural host. Foamy viruses can be isolated in their natural hosts from numerous tissues, in the presence of relatively high levels of neutralizing antibody. Simian foamy virus type I persists in the rabbit spleen, liver, kidney, lung and salivary gland for as long as 264 days following intraperitoneal or intranasal inoculation (Swack & Hsiung, I975). However, the virus was isolated from blood only during early infection. This study demonstrates that SFV-7 can persist in rabbit mononuclear cells for long periods of time in the presence of high levels of neutralizing antibody. However, as was the case in other studies, the virus could not be isolated from the serum (Hooks & Gibbs, 1975; Swack & Hsiung, I975) .
Since the foamy viruses are RNA viruses possessing an RNA-dependent DNA polymerase, they have the potential to persist in a non-infectious form. Preliminary studies indicate that the virus can persist in rabbit peripheral blood mononuclear cells in vivo in both an infectious and non-infectious form (data not shown).
A number of virus infections, especially ones in which the virus persists in the cells of reticuloendothelial system, can alter the host's immune response (Burns & Allison, 1975; Notkins, 1975; Woodruff & Woodruff, ~975; Jacobs & Cole, 1976; Virelizier et al. 1976) . Our studies demonstrated that leukocytes from rabbits with a foamy virus infection showed a depressed CMI response as determined by 3H-dThd uptake and immune interferon induction. This depression was observed only during the first two weeks after inoculation. The mechanism by which viruses could induce immunosuppression have recently been investigated (Burns & Allison, I975; Notkins, 1975; Jacobs & Cole, 1976) . The specific mechanisms of foamy virus-induced immunosuppression are not known but may include abnormalities in macropbage functions, destruction of lymphocytes, inhibition of lymphocyte activation and proliferation, or stimulation of suppressor cells. It appears unlikely that this virus-induced depression of CMI could be mediated by interferon since we have have shown that foamy viruses are poor inducers of both standard and immune interferon (Hooks et al. 1976 ).
Cell-mediated immunity can aid in the clearance of virus from primary infection. Effector T cells localize and release soluble mediators (Oppenheim & Rosenstreich, I976) . Some of these mediators are chemotactic for blood monocytes resulting in increased phagocytic activity, lysosomal enzymes and cytotoxic T cells. A second type of mediator released, immune interferon, is capable of limiting the synthesis of a number of viruses. Since CMI aids in elimination of infection, a depression of CMI response early in infection may aid the foamy virus in establishing a persistent infection. This is the first demonstration that a foamy virus can adversely affect a persistently infected host.
Following immunosuppression, primary or reactivation infections are quite common, especially with viruses belonging to the herpes virus group (Armstrong et al. I976) . Early in the course of a persistent foamy virus infection, one of the foamy virus infected rabbits developed a herpes virus infection. The presence of a herpes virus in rabbits has been reported very infrequently (Rivers & Tillett, ~923; Nesburn, 1969) . Whether this is the virus III of Rivers (the previously described herpes virus cuniculi) or a new one, remains to be determined. The ability of a foamy virus infection to increase susceptibility to infection or reactivation is of interest, especially since it is common to isolate a number of different viruses and parasites from the natural host with a persistent foamy virus infection (Hooks & Gibbs, 1975) .
